Objective: This study was carried out to determine the effects of the biliopancreatic diversion (BPD), a bariatric surgery applied to the treatment of morbidly obese humans, on energy balance in rats. Methods: BPD was performed on a group of male Wistar rats. Body weight and food intake were measured daily throughout the study. Feces were also collected to assess energy losses and the determination of digestible energy. Energy expenditure and body composition were also determined for the 50-day length of the protocol. On the day of killing, the brain, the entire intestinal tract and white and brown adipose tissues were collected and weighed. Expression of neuropeptide Y (NPY) and agouti-related protein (AgRP) in the ARC nucleus were assessed by in situ hybridization. Results: Marked changes in the regulation of energy balance were observed in the BPD-operated rats. A decrease in digestible energy and food intake coupled with an increase in the fecal energy density and protein fecal energy led to an important weight loss in the BPD-operated rats. This weight loss was observed in the loss of fat mass (specifically the white epididymal, inguinal, retroperitoneal and brown adipose tissues). The rats modified their food intake pattern to be able to potentially eat more during the entire day. An increase in the surfaces of all intestinal structures (muscular and mucosal layers) was observed in the BPDoperated rats. The NPY and AgRP expression in the brain were both shown to be greater in the BPD-operated rats than in the control animals. At the beginning of the study, the surgery led to an energy expenditure decrease, which, however, did not persist throughout the study despite the fact that BPD-operated rats exhibited persistent lower fat free masses. Conclusion: BPD led to a noticeable reduction in weight and fat gains in rats, which was in large part owing to a decrease in digestible energy intake led to by the gastrectomy, the intestinal malabsorption inherent to the surgery and to potentially a thermogenesis stimulation that occurred in the second end of the study. The reduction in energy gain occurs despite adaptations to thwart the intestinal malabsorption and the hunger signals from the central nervous system.
Introduction
The increased prevalence of obesity (body mass index (BMI ¼ weight in kg/height in m 2 ) above 30 according to the World Health Organization (WHO) Expert Committee), especially in the last 25 years, has taken alarming proportions worldwide. 1, 2 The number of overweight (BMI425 kg/m 2 ) individuals on earth now exceeds 1.1 billion, which is about twice the number (600 million) of people who face a severe energy deficit and starvation. Obesity, in its visceral form in particular, is associated with numerous comorbid conditions and a higher mortality rate [3] [4] [5] With the alarming rise in overweight individuals has come an increase in the number of people suffering from morbid obesity (BMIX40 kg/m 2 ). An estimated 5.1% of Americans are now classified as being morbidly obese. 1 In those individuals, pharmacological and nutritional treatments of obesity have proven to be of little value and have been substituted by surgical treatment. 6, 7 A bariatric surgery procedure that has particularly been successfully used to treat morbid obesity is biliopancreatic diversion (BPD). This procedure, which was first described by Scopinaro et al., 8 decreases nutrient absorption while preserving normal eating habits. The BPD essentially diverts biliopancreatic secretions to the ileum at about 50-100 cm before its end, thereby limiting the digestion and absorption of fat. It usually includes a partial gastrectomy, which reduces the gastric volume but does not hinder gastric emptying. 9, 10 Despite the demonstration that bariatric surgery represents an effective approach to treat massively obese patients, 6, 7, 11 there is as yet no complete understanding of how this surgical procedure affects energy balance. In this study, we adapted the BPD with duodenal switch performed in humans 9, 10 to rats in order to assess its effects in the regulation of energy balance. Energy balance measurements including indirect calorimetry and body composition measurements were carried out on all rats. Expression of NPY and AgRP in the hypothalamic arcuate nucleus (ARC) was also assessed as ARC NPY and AgRP, which are colocalized in the same neuron, 12 represent key orexigenic peptides in mammals 13, 14 and constitute markers of appetite. It was hypothesized that the adaptations led to by BPD would largely engender adaptations leading to energy retention in the rat.
Materials and methods

Animals
Male Wistar rats initially weighing between 375 and 400 g were purchased from Charles River Canada (St Constant, QC, Canada). All rats were cared for and handled according to the Canadian Guide for the Care and Use of Laboratory Animals. Our institutional animal care committee approved the protocol. The animals were subjected to a 12:12-h lightdark cycle (lights between 0700 and 1900 hours) and kept at an ambient temperature of 23711C.
Experimental design
The rats were divided into control, sham-operated and BPDoperated groups. The control rats were handled in the same way and received the same laboratory diet as the sham-and BPD-operated rats. The BPD surgery was performed as in humans (see Figure 1 and below for BPD surgery details). The sham-and BPD-operated rats were both given a liquid diet (Standard Clinical Resource, Novartis Nutrition Corp., ON, Canada) 48 h prior to the operation. All operated rats were fasted for a minimum of 12 h before surgery. Following the operation, they were given water ad libitum for 48 h as well as 2 ml of dextrose (5%) injections, three times a day, during the first 24 h, and further on if needed. During the first 2 days following the operation, rats were all in wire-bottom cages to ensure that they did not eat any sawdust. On the 3rd day postoperation, the rats received the same liquid diet than before the operation and resumed a normal diet on the 4th day post-operation. Rodent laboratory chow #5008 (Ralston Purina, IN, USA) was given to all rats. The gross energy of this regimen was 17.571 kJ/g of wet weight.
Biliopancreatic diversion
The BPD surgery was performed as follows ( Figure 1 ). Under general aneasthesia (2-3.5% soflurane per 400-600 ml O 2 ) a 3 cm median abdominal incision was performed. After measuring about 50 cm of small intestine starting from the ileo-cecal junction, the intestine was transected. The proximal part of the cut intestine (jejunum) was then anastomosed using an end-to-side technique to the distal part of the intestine (ileum) at about 20 cm from the ileocecal junction, creating a 20 cm common limb. Anastomosing the distal part of the cut intestine (ileum) to the duodenum created the alimentary limb. This anastomosis was performed using an end-to-side technique at 1-1,5 cm from the pylorus. The duodenum was closed distal to this anastomosis with a medium-large titanium clip (Horizon ligating clips, Weck closure systems, NC, USA). This closure completed the duodenal-ileal switch and thus created the biliopancreatic limb and defined the food path through the alimentary limb. The distances used in this surgery, 50 and 20 cm for the alimentary and common limb, respectively, were selected to be representative of the proportions used in human BPD surgery. 10, 15 Unlike the human procedure, the duodenum was not transected, for technical reasons. A vertical gastrectomy was performed by excising the entire fibrous membrane of the stomach estimated to be 2/3 of gastric capacity in the rat. A double suture was used to obtain a leak-proof gastrectomy, creating a tubular stomach. All anastomoses were performed using the Connel point technique. Coated vicryl 8-0 taper-points (Ethicon Inc., Sommerville, NJ, USA) and PDS II 7-0 taper-point (Ethicon Inc., Sommerville, NJ, USA) were used as suture for the intestine and the stomach, respectively. An analgesic, Butorphanol (2 mg/kg), was administered subcutaneously (s.c.) preoperation and also every 3-4 h if needed during the Effects of the biliopancreatic diversion on energy balance E Nadreau et al surgery. Buprenorphine (0.5 mg/kg) was administered s.c. every 12-h period for the first 24 h as well as an antibiotic, Ampicilline (100 mg/kg), during 3 days postoperatively. The sham-operated group received similar intestinal and gastric incisions (same sites and in the same angles) as for the BPDoperated rats. These incisions did not transect the intestines completely as to avoid end-to-end anastomoses and were sutured close. All structures were left in their normal anatomical arrangements. In doing so, neither a gastrectomy nor any diversion were performed.
Body weight and food intake Each day, rats were weighted and their food intake (with spilled food carefully collected) was measured. Once a week, all rats were transferred for 72 h to metabolic cages for indirect calorimetry measurements. Food intake and weight were measured twice daily during the stay in metabolic cages.
These measurements enabled us to analyze feeding over 12-h-day and 12-h-night periods.
Feces measurements
The energy and nitrogen contents of the feces collected during the stay in the metabolic cages were measured by bomb calorimetry (Parr adiabatic calorimeter) and using a micro-Kjeldahl procedure. The protein content of the feces was calculated by multiplying the nitrogen values by 6.25. Fecal energy was subtracted from the gross energy intake values to obtain the digestible energy intake.
Body composition
All rats had the composition of a specific region of their body estimated by dual-energy X-ray absorptiometry (PIXImus2, Lunar Corporation, Madison, WI, USA). The PIXImus2, which is primarily conceived for measuring mice, determines the body composition of the animal scanned. Unfortunately, it does not allow for the assessment of the whole body composition in animals larger than mice. However, we scanned a specific region, which has, in our opinion, proven to be a useful estimation of the body composition of the rat. The scanning was performed, once a week, every week for the duration of the protocol. The scanned region comprised a portion of the right hind leg and a portion of the abdomen. Anatomical reference points were used to take the same region in all rats. All tissue from the lowest point of the iliac bone to the sixth vertebrae (not including the sacrum) and splitting the backbone in half were used in the calculation of the composition. The total percentage of body fat as well as the fat-free mass (FFM) and the fat mass (FM) were measured using this technique. Tissue sampling All animals were anaesthetized and quickly intracardially perfused with 30 ml of ice-cold isotonic saline 50 days postoperation after a night of fasting. The brain, the entire gastrointestinal tract, brown adipose tissue, white inguinal, retroperitoneal and epididymal adipose tissue were dissected out and weighed. The stomach and specific areas of the gut were separated from the total gastrointestinal tract and cleaned in saline. In BPD-operated rats, the gut specimens were sampled from the proximal and distal anastomosis, along with the mid-portion of the biliopancreatic limb. Samples at their corresponding levels of the intestinal tract were also dissected from the control and sham-operated rats. After sampling, the brain, the stomach, intestinal fragments and the adipose tissues were immediately put in a cold solution containing sodium phosphate buffer (PBS) and paraformaldehyde (4%) and stored at À41C for 1-2 weeks.
Indirect calorimetry
Peripheral tissue preparation
All gastrointestinal samples and adipose tissues were embedded in paraffin, 5 mm transversal sections were cut, placed on slides and a haematoxylin-eosin stain was performed for the gastrointestinal tract and an Masson coloration for the adipose tissues. The morphology of the tissues was analysed under light microscope (Olympus BX 60) equipped with a video camera (RT Slider, model 2.3.0, Diagnostic Instruments Inc.) coupled to a PC computer using Image Pro-Plus software (version 4.5.1.23 for Windows). The number of adipocytes was counted in three different microscopic fields at a magnification of Â 20 and an average per unit-area (mm 2 ) was calculated for each animal. The surfaces of the entire intestinal wall, muscular and mucosal layers were measured at a magnification of Â 1.25 as well as at a close-up of Â 4.
Brain tissue preparation
The brains removed at the end of the intracardial perfusion were kept in paraformaldehyde for an additional 7 days. At 12 h before being cut with a sliding microtome (Histoslide 2000, Reichert-Jung), brains were transferred to a solution Effects of the biliopancreatic diversion on energy balance E Nadreau et al containing paraformaldehyde and sucrose (10%). Sections (30 mm thick) were collected and stored at À301C in a cold cryoprotecting solution containing PBS (50 mM, pH 7.2-7.4), ethylene glycol (30%) and glycerol (20%).
In situ hybridization histochemistry In situ hybridization histochemistry was used to localize NPY and AgRP mRNA on tissue sections taken at the level of the ARC. The protocol used was largely adapted from that described by Simmons et al. 16 Briefly, one out of every five brain sections were mounted on to poly-L-lysine coated slides and allowed to desiccate overnight under vacuum. The sections were then successively fixed for 20 min in paraformaldehyde (4%), digested for 30 min at 371C with proteinase K (10 mg/ml in 100 mM Tris-HCl containing 50 mM EDTA, pH 8), acetylated with acetic anhydride (0.25% in 0.1 M trietholamine, pH 8) and dehydrated through graded concentrations (50, 70, 95 and 100%) of alcohol. After vacuum drying for at least 2 h, 90 ml of hybridization mixture, which contains an antisense 35 S-labeled cRNA probe (10 million c.p.m./ml), were spotted on each slide. The slides were sealed under a cover slip and incubated overnight at 601C in a slide warmer. The next day, the cover slips were removed and the slides rinsed four times with 4 Â SSC (0.6 M NaCl, 60 mM sodium citrate buffer, pH 7). They were digested for 30 min at 371C with RNAase-A (20 mg/ml in 10 mM Tris -500 mM NaCl containing 1 mM EDTA), washed in descending concentrations of SSC (2 Â , 10 min; 1 Â , 5 min; 0.5 Â , 5 min; 0.1 Â , 30 min at 601C), and dehydrated through graded concentrations of alcohol. After a 2-h period of vacuum drying, the slides were exposed on an X-ray film (Eastman Kodak, Rochester, NY, USA) for 20 h. Once removed from the autoradiography cassettes, the slides were defatted in xylene and dipped in NTB2 nuclear emulsion (Eastman Kodak). They were exposed for 5 days, before being developed in D19 developer (Eastman Kodak) for 3.5 min at 14-151C and fixed in rapid fixer (Eastman Kodak) for 5 min. Finally, tissues were rinsed in running distilled water for 1-2 h, counterstained with thionin (0.25%), dehydrated through graded concentrations of alcohol, cleared in xylene and coverslipped with DPX.
Antisense ( 35 S)-labeled cRNA probes
The NPY cRNA probe was generated from the 287 bp EcoR1 fragment of a rat NPY cDNA (Dr DS Larammar, Uppsala University, Sweden) subcloned into a pGEM-2 vector (Stratagene), which was linearized with HindIII and EcoRI (Pharmacia Biotech Canada, Inc., Baie d'Urfé, QC, Canada) for sense and antisense probes, respectively. The AgRP cRNA probe was generated from the 327 bp fragment of a murine AgRP cDNA (Dr M Graham, Amgen, Inc.) subcloned into a pCRII vector and linearized with HindIII for antisense probe. The radioactive riboprobes were synthesized by incubating 250 ng of the linearized plasmid into a solution containing 10 mM NaCl, 10 mM dithiothreitol, 6 mM MgCl, 40 mM Tris (pH 7.9), 0.2 M ATP/GTP/CTP, alpha ( 35 S)-UTP, 40 U Rnasin (Promega, Madison, WI, USA) and 20 U of T7 RNA polymerase for both NPY or AgRP antisense probes, for 60 min at 371C. The DNA templates were treated with 100 ml of a DNAse solution (1 ml DNAse, 5 ml of 5 mg/ml tRNA and 94 ml of 10 mM Tris/10 mM MgCl 2 ). The preparation of the riboprobes was completed through a phenol-chloroform extraction and ammonium acetate precipitation. The specificity of the antisense riboprobe was confirmed by the absence of a positive signal in brain sections hybridized with the sense probe.
Quantitative analysis of the hybridization signals
The hybridization signals revealed on NTB2 dipped nuclear emulsion slides were analysed under a light microscope (Olympus, BX50) equipped with a black and white video camera (Sony, XC-77) coupled to a Macintosh computer using NIH Image software (version 1.57 non-FPU, Wayne Rasband, NIH, Bethesda, MD, USA). The optical density (OD) of the hybridization signal was measured under dark-field illumination at a magnification of Â 25. The brain sections from the different groups of rats were matched for rostrocaudal levels as closely as possible. The OD determinations were performed bilaterally on each side of the brain and the OD values obtained were averaged. This average was included in the statistical analyses as individual scores. When no hybridization signal was visible under darkfield illumination, the brain structures of interest were outlined under brightfield illumination and then subjected to densitometric analysis under darkfield illumination. The OD for each specific region was corrected for the average background signal, which was determined by sampling unlabeled areas outside of the regions of interest. All the groups were processed in a single session in order to keep the parameters such as the light source of the microscope constant during the analysis of the ODs.
Statistical analyses
Data were expressed as means7s.e. Comparisons between control, sham-and BPD-operated groups were performed using one-factor ANOVA. When significant, individual means were then compared pairwise using Fisher's protected least-squares difference (PLSD) test. Differences were considered statistically significant at Po0.05.
Results
Body weight and body composition BPD had marked effects on body weight of operated rats (Figure 2) . Throughout the protocol, except for the baseline period, BPD-operated rats weighed less than control and sham-operated animals. The immediate impact of surgery on Effects of the biliopancreatic diversion on energy balance E Nadreau et al weight was seen in both operated groups. Body weight in sham-operated rats was significantly different from that of controls during both the first 2 weeks following the surgery (Po0.001 and Po0.05) and the very last week of the protocol (Po0.05). Weight gains for the total duration of the protocol were different among groups (Figure 2 , bar graph). The largest difference was measured between control and BPD rats (Po0.001).
The weight gain retardation induced by BPD had an impact on body composition (Figure 3) . The treatment induced major differences between groups in the FFM and FM, as measured by DEXA. The FFM was lower in the BPD rats as compared to controls ( Figure 3) . As for the total FFM gain, control rats exhibited higher values than both shamand BPD-operated (Po0.05) animals (Figure 3a , bar graph). Regarding FM gains over the total length of the protocol, statistically significant differences were observed between BPD-operated rats and controls and between BPD-operated rats and sham animals (Po0.001 and Po0.05, respectively) ( Figure 3b , bar graph). The gain in fat percentage during the entire protocol was also significantly different between controls and BPD-operated rats (Po0.01) and between sham and BPD (Po0.01) animals (data not shown). Adipose tissue weights were also lower in BPD rats than in the other animals ( Table 1) . At the end of the treatment period, there were differences between the groups for all three white adipose depots. BPD-operated rats had significantly less white inguinal tissue (WI), epididymal white adipose tissue (WE) and brown adipose tissue (BAT) than control and shamoperated rats. In addition, BPD-operated rats demonstrated less retroperitoneal white adipose tissue (WR) than control rats (Po0.05). Sham-operated rats had lower WE weights than controls (Po0.05). To better understand and characterize changes induced by BPD on the adipose cell size, the cell density (adipocytes per mm 2 ) was measured on all white adipose tissue samples ( Figure 4 and Table 1 ). The greatest changes were observed for WI and WE. BPD-operated rats had smaller cells (Po0.001 for both WI and WE) as compared to control rats. As for sham-operated rats, their adipose cell sizes were also significantly larger than those of BPDoperated animals (Po0.01 for both WI and WE). Lesser changes were seen in WR samples: the only difference observed was between controls and BPD-operated rats, the latter having significantly smaller cell size than the former (Po0.01). Effects of the biliopancreatic diversion on energy balance E Nadreau et al
Energy balance
Over the entire period of treatment, food intake expressed in gross energy intake was less in BPD rats than in controls (Table 2 ). This effect was apparently only seen during the first weeks of the protocol (data not shown but see digestible energy intakes in Figure 5b ). When calculated as separate 12-h periods, food intake was different between groups only as a result of differences observed during the night period. In fact, total cumulated night food intake was less in both BPD and sham-operated rats than in controls (Po0.001 and Effects of the biliopancreatic diversion on energy balance E Nadreau et al Po0.05, Table 2 ). The largest margin was observed when comparing control and BPD-operated rats. During the 12-hday period, food intake was similar in the three groups ( Table 2) . Throughout the study, BPD-operated rats presented average fecal density values that were significantly greater than the sham-operated and control animals ( Table 2 and Figure 5a ). BPD-operated rats also produced a protein malabsorption, which tended to disappear at the end of the study (Figure 5a ). For the cumulated protein fecal energy loss, differences were significant when comparing the controls to BPD-operated rats (Po0.01) and sham and BPD-operated (Po0.01) animals ( Table 2 ).
The total cumulated energy expenditure for the entire protocol was significantly less in BPD-operated group compared to both the control and sham-operated groups (Table 2) . No difference in energy expenditure was observed between the control and sham-operated groups. Differences in energy expenditure were especially apparent during the first weeks following the operation and progressively diminished afterwards ( Figure 6 ). These significant differences were observed between control and BPD-operated rats (Po0.001) as well as between sham and BPD-operated animals (Po0.001). The differences in VO 2 consumption decreased as time progressed and so, on the 4th week, the gap between groups had diminished ( Figure 6 ).
Histology of the gut
The BPD led to changes in the gross histology of the gastrointestinal tract (Figure 7) . The surface area of the intestinal wall and the thickness of the muscular and mucosal layers of the ileum (common limb in BPD-operated rats) were measured. For all three variables, the BPD-operated rats had significantly greater surface area than both control and sham-operated rats (Table 3 ). More specifically, the total intestinal wall area was greater for the BPD-operated vs the control (Po0.001) as well as vs the sham (Po0.05) groups. Figure 7 illustrates the marked difference between BPDoperated rats and controls.
NPY/AgRP
Assessment of the expression of two brain peptides, agouti-related protein (AgRP) and neuropeptide Y (NPY) Measurements for all rats were taken during a period of 7 weeks. b Gross energy intake is calculated from a daily measurement of food intake of all rats of a 5008-chow diet.
c Gross night energy intake is calculated from a weekly 12-h measurement of night food intake. d Gross day energy intake is calculated from a weekly 12-h measurement of day food intake. e Fecal energy is calculated by way of a bomb calorimetry.
f The protein fecal energy is calculated by way of a micro-Kjeldahl procedure.
g Fecal density is calculated as follows (fecal energy/grams of feces). in the feces (a) and the digestible energy intake (b) for control, sham-operated and BPD-operated groups. Measurements for all rats were taken during a period of 7 weeks. Data represent means7s.e. *Po0.05, **Po0.01, ***Po0.001 for control vs BPD: y Po0.05, Effects of the biliopancreatic diversion on energy balance E Nadreau et al were done on brains collected at the end of the protocol (Figure 8 ). NPY and AgRP mRNA expression were greater in BPD-operated rats than in controls (Po0.05 and Po0.01, respectively). AgRP expression was also greater in BPD-operated than in sham rats (Po0.05). Measurements of transversal sections of specific intestinal areas: the common limb for the BPD-operated rats and the ileum for the control and sham-operated rats.
Measurements for all rats were taken at the end of the protocol after 7 weeks. Data represent means7s.e. **Po0.01, ***Po0.001 for control vs BPD; y Po0.05 for sham vs BPD.
Effects of the biliopancreatic diversion on energy balance E Nadreau et al
Discussion
The present study was aimed at assessing the effects of the BPD with duodenal switch, 15 on energy balance in the rat. To our knowledge, it is the first time this surgical procedure is studied in the rat. Other authors [17] [18] [19] who performed the BPD in laboratory rodents, used the technique described by Scopinaro, 20, 21 which differs from the BDP with duodenal switch as it does not preserve the antrum or the duodenum in the normal food path but instead includes an antrectomy and a gastric-to-intestinal anastomosis instead of a vertical gastrectomy. In this study, the BPD induced marked changes in energy balance that persisted throughout the treatment period. Indeed, the BPD induced a substantial change in the fat mass that was still apparent 50 days postsurgery despite the fact that the BPD led to adaptations liable to produce a compensatory energy retention. The weight gain reduction seen in BPD rats was essentially attributable to a noticeable fat gain reduction, which was apparent throughout the study. At the end of the treatment period, fat depots were lower in BPD-operated rats compared to controls and sham-operated rats. The WE showed the greater changes followed by BAT, WI and finally WR. A cell density measurement revealed that BPD-operated rats compared to controls had a statistically significant larger number of cells in a given area for all three white adipose depots. This demonstrates that the lipid content of the adipocytes was greatly decreased following surgery. Adami et al. 22 found that 80% of the first postoperation weight loss in human subjects with BPD was due to an FM loss. The reducing effect of the BPD on FM deposition was more noticeable than the effect of the surgery on the FFM, which was nonetheless also reduced. Interestingly, the reduction in the FFM was not apparently attributable to protein malabsorption as it also occurred in sham-operated rats, which seemingly absorbed protein normally. The fact that FFM reductions were observed in both operated groups suggests a residual effect of the surgery procedure on protein deposition, which was not unexpected. Surgeries such as those performed in this study are stressful and there is evidence that stress can have long-term effects on FFM. Indeed, rats acutely exposed to restraint stress have been reported to lose FFM during stress and not to regain FFM once stress has ended. 23 The marked reduction in fat deposition induced by the BPD was triggered by a decrease in energy intake that occurred in the first part of the study. During this period, BPD-operated rats ate significantly less food than control animals. This reduction in food intake was probably in part attributable to the gastrectomy inherent to the BPD procedure. The gastrectomy aspect of the BPD was reported to reduce food ingestion in human patients, in whom it has a temporary and perhaps limited effect on weight loss. 10, 24 In addition to an initial reduction in food intake, the BPD also led to nutrient malabsorption, which likely contributed to the long-term reducing effects of the surgery on body fat reserves. Indeed, fecal energy density stayed consistently higher in the BPD-operated rats compared to both controls and sham rats. Similar to human patients, 10,25 rats also excrete nitrogen in feces following the BPD. The BPD induced a reduction in fat deposition despite the fact that it also led to adaptations, which were in appearance liable to promote energy retention. In the first part of the study, the BPD led to a reduction in energy expenditure, which however did not compensate for the reduction in food intake and the increase in fecal energy loss that occurred at the same time. The initial decrease in energy expenditure was somewhat expected based on studies done in laboratory rodents 26 and in humans, who showed after Roux-en-Y gastric bypass an energy economy that hampered weight loss. 27 It is noteworthy that the initial decrease in energy expenditure was a temporary mechanism of adaptation that did not persist over time. In fact, energy expenditure was from the middle of Effects of the biliopancreatic diversion on energy balance E Nadreau et al the study until its end similar between groups, finding which was somewhat unexpected given that BPD rats both had reduced FFM compared to controls and exhibited overexpression of the anabolic peptides NPY and AgRP. Overexpression of NPY and AgRP did not lead to an increase in food intake in gastrectomized BPD-operated rats, in which the intake of large meals was certainly not facilitated by the gastric surgery. The reasons as to why energy expenditure and food intake did not totally adjust in the BPD-operated rat to compensate for its negative energy balance are not completely understood. The fact that BPDoperated rats did not exhibit positive energy balance at the end of the study suggests that the surgery could have led to other adaptations to prevent energy regain. Recently, Strader et al. 28 demonstrated that when an isolated segment of ileum is transposed to the jejunum, there is an increased ileal hormone secretion such as peptide YY and GLP-1, two hormones susceptible of increasing energy expenditure and reducing food intake. In the BPD, similar to the ileal transposition, 29 the ileum is exposed to undigested digestible nutrients, which are capable of stimulating peptide YY and GLP-1. The impact of the BPD on the secretion of gastrointestinal hormones in the rat warrants further studies. In humans, the Roux-en-Y gastric bypass and the BPD, which both induce the early arrival of a meal in the terminal ileum, increase GLP-1 secretion. 30 The BPD led to a noticeable increase in the thickness of the intestinal walls of the BPD-operated rats. The total intestinal wall surface was shown to be greater by the way of the increase in the surface area of both the mucosal and the muscular layers. Evrard et al. 19 also observed increases in mucosal mass following bariatric surgery. This change in layer surface increases the absorption area of the intestine. However, this increase did not change the fecal energy, suggesting that this adaptation, although favoring energy absorption, could not totally compensate for the reduced absorption due to the gut shortening. The possibility that this adaptation could have led to a better protein absorption towards the end of the study cannot be excluded. The BPD induces a negative energy balance in the rat. A volume reduction of the gastric reservoir and a chronic intestinal malabsorptive phenomenon contributed to create an energy deficit. These two combined produced a decrease in food intake and an increased fecal density. This energy deficit was neither compensated by a change in food intake patterns nor by a decreased energy expenditure. Even an increase in intestinal wall thickness combined with an increased AgRP and NPY expression were not sufficient to negate the effects of the BPD.
